The cysteine protease encoded by adenovirus type 2 contains eight cysteines, some of which are involved in catalysis and enzyme activation. Here we investigated the effects of oxidation, mercaptoethanol, dithiothreitol, diamide and protein disulphide isomerase on wild-type and mutant enzymes. Three isoforms of the enzyme were detected in infected cells and a fourth in preparations of purified recombinant enzyme. The latter isoform was absent in preparations of enzyme mutated at any of the three conserved cysteines, C-104, C-122 and C-126. Enzyme activity could be stimulated by agents other than the authentic activating peptide (pVIc), such as cysteamine, though less efficiently. Diamide at low concentrations stimulated the activity of the tsl enzyme, but inhibited both tsl and wild-type enzyme at higher concentrations. Protein disulphide isomerase failed to restore enzyme activity to the oxidized isoform. The present studies in combination with previous results using mutants appeared to rule out amino acids C-67, C-122, C-126 and C-127, leaving the two remaining semi-conserved C-17 and C-40 and the conserved C-104 as potential candidates for binding peptide pVIc.
Introduction
Adenoviruses constitute a large group of intermediate sized DNA viruses that infect vertebrates. Of some 100 adenoviruses 48 serotypes are specific for humans. Two of these, Ad2 and the closely related AdS have been extensively studied (reviewed in Weber, I995) . The virus replicates to a high titre in the nucleus of infected cells. During the late phase of infection, in the course of virion assembly, a virus encoded protease, 23 kDa, cleaves several viral and cellular proteins (Weber, 1995) . Though virus assembly can proceed in the absence of functional protease the resulting virions are not infectious due to an inability to decapsidate (Miles et aI., 1980; Hannan et al., 1983) . Indeed, the protease, which is present in mature capsids, appears to have an active role during decapsidation (Cotten & Weber, 1995; Greber et al., 1996) .
The recombinant enzyme, cloned from Ad2, was expressed in bacterial and insect cells and shown to be a cysteine protease specific for two types of consensus cleavage sites in substrates, (M,I,L)XGG-X and (M,I,L)XGX-G (X being any amino acid; Webster el al., 1989; Weber, 1995) . The gene corresponding to the enzyme has been sequenced in 12 different viral serotypes.
Author for correspondence: Joseph M, Weber. The enzyme has a unique sequence unrelated to other proteases. Instead of being activated by proteolysis of an inactive zymogen as most other proteases, the Ad2 protease remains intact and appears to be activated by an 11-amino-acid cleavage product (dubbed pVIc) of viral protein pre-VI (Mangel et al., 1993 ; Webster et al., 1993) . Activation was proposed to occur via a disulphide exchange mechanism between the disulphide linked pVIc dimer and one of the eight cysteines present in the Ad2 protease (Webster et al., 1993) . Mutagenesis of two conserved cysteines (C104, C126) did not completely abrogate activation by pVIc (Rancourt et al., 1994; Grierson et al., 1994; unpublished results) . Aside from C122, the remaining cysteines are not conserved. It is possible, though unlikely, that the activation mechanism may not be general among all adenoviruses, and other redox mechanisms may be operative in distantly related serotypes.
In the experiments described here we have identified isoforms and attempted to study the effect of redox modulations on the adenovirus protease.
Methods
• Adenovirus protease. The wild-type and tsl Ad2 protease were expressed in E. coil from the pLAM vector Rancourt et al., 1995) and purified as described previously (KeyvaniAmineh et al., I995b) . The enzyme was stored in TE buffer (10 mMTris-HC1, pH 8, I mM-EDTA) at --70 °C. Purified recombinant protease was electrophoresed in an SDS-denaturing gel after treatment with lysing solution in the presence or absence of mercaptoethanol (ME), with and without boiling, as indicated. The protease was detected by immunoblotting and staining with anti-protease serum. Fig. 2 . Isoforms of the protease in infected cells. Ad2 infected Hep2 cells were lysed at 48 h after infection and the nuclear (lane B) and cytoplasmic (lane C) fractions were separated as described previously (Tremblay eta/., 1983) and then migrated on an SDS-PAGE, electroblotted and the protease detected with anti-protease serum. Lane A contains wild-type virus purified as described before (Rancourt eta/., 1995) .
• Protease assay. Protease activity was determined by means of two types of assay in TE buffer at pH 8. Assay (1): the substrate consisted of [aSS]methionine-labelled purified disrupted Ad2 tsl 39 °C virions, as described before (Tremblay et a]., 1983) , looking at the conversion of viral protein pre-VII to VII. Assay (2): the substrate was Rl10 [rhodamine 110, bis-(L-leucyl-L-arginylglycylglycine amide)tetrahydrochloride; purchased from Molecular Probes, Inc.l. Unless otherwise specified, the reaction contained 75 pmol of recombinant enzyme, 40 I~M-pVIc peptide and 5 p,M-RIlO in 10 mM-Tris-HCl (pH 8), 1 mM EDTA and is described in detail elsewhere .
• Exposure to oxidant and reductant. Aliquots of recombinant wild-type and tsl mutant protease were incubated for I h at 37 °C in the presence of different concentrations of either diamide or dithiothreitol (DTT). After incubation the enzyme activity was measured by the fluorometric protease assay (no. 2) using Rl10 substrate.
• Protein disulphide isomerase reaction. To obtain scrambled protease a purified active preparation of protease was air-oxidized by incubating at ambient temperature for 2 days. This preparation retained 10% of its original activity. Another source of scrambled protease was enzyme which had been stored for 2 months and had lost all of its activity. The aliquots of scrambled protease were added to protein disulphide isomerase and incubated at 30 °C. Aliquots of I0 I~I were removed at 2 min and then at 10 min intervals for up to 4 h. Reactivation of scrambled protease was monitored by measuring its activity as previously described (Tihanyi et a/., 1993) .
• Reagents. Diamide [(diazinedicarboxylic acid bis(N,N-dimethylamide; Aldrich] and DTT were prepared as 10 mM and 50 mM stock solutions in I0 mM-Tris-HC1, pH 8. Peptide pVIc (GVQSLKRRRCF; synthesized by Coast Scientific, San Diego, Calif., USA) was HPLCpurified and a stock solution of 400 I~M (in 10 mM-Tris, pH 7"8) was prepared, and stored frozen in small aliquots (Keyvani-Amineh eta]., 1995a). PVIc was usually oxidized prior to use. Protein disulphide isomerase was purchased from Takara Biomedicals (Japan) and prepared for use as described by Hillson eta/. (I984) . Mercaptoethanol, glutathione (reduced free acid), cysteamine (2-mercaptoethylamine, free base) were purchased from Sigma.
Results

Gel electrophoresis
The AdZ protease contains eight cysteines, three of which are highly conserved, four others are less conserved and one is >_20; unique to Ad2. To test if any of these cysteines could form disulphide bridges in the absence of precautions against oxidation, the purified recombinant proteases were electrophoresed under denaturing conditions following different treatments and stained with protease antiserum in a Western blot (Burnette, 1981) . Boiling in the presence of mercaptoethanol produced the usual protease band at 23 kDa (Fig. I , lane A). In the absence of reducing agent an additional band appeared at I2 kDa (Fig. 1, lane B) . This faster migrating form is presumed to contain one or more disulphide bridges. The replacement of the three cysteines with glycines in mutants C67G, C104G and C126G resulted in the absence of the 12 kDa form (results not shown). While this demonstrates the importance of these residues for disulphide bond formation, it does not indicate which cysteines might be involved. We have previously shown that the native enzyme does not contain detectable disulphide bridges (Tihanyi et aI., 1993) . The 12 kDa form therefore may be due to cysteines disposed in sufficient proximity for oxidation to occur. The mutants prevent this oxidation because these cysteines participate directly or because they provoke structural changes resulting in the distancing of the bond forming cysteines. Isoforms of other viral proteases have also been described, in particular for the cysteine protease 3C of hepatitis A virus (Chemaia eta]., 1993) .
To look at possible isoforms of the enzyme in virus infected cells, nuclear and cytoplasmic fractions were examined late in the infection cycle by means of Western blotting (Fig. 2) . Surprisingly, three isoforms were detected: two slow migrating forms in the nuclear fraction (Fig. 2, lane B) and one fast migrating form in the cytoplasmic fraction (Fig. 2, lane C) . The cytoplasmic isoform comigrates with the enzyme in viral particles (Fig. 2, lane A) . This suggests that the viral and cytoplasmic forms are oxidized, while the nuclear forms, which we presume to be the active ones, are reduced. The two nuclear forms might reflect the enzyme prior to activation by pVIc (lower band) and subsequent to it (upper band). A similar slower migration of the protease when complexed with pVIc was also observed elsewhere (Greber et aI., 1996) . The very rapidly migrating (12 kDa) form present in the recombinant enzyme was only seen as a minor component in cells and wildtype virions. This form is likely due to oxidation in the course of the lengthy purification procedure.
Redox modulation of enzyme activity
It has been proposed that the activity of the viral protease is greatly enhanced by a disulphide bond interchange between the dimeric form of the 11 amino acid pVIc peptide and the enzyme (Webster et al., 1993) . In our experience the enzyme has not always required activation by pVIc, possibly because in the course of purification the enzyme achieved the active redox state (Rancourt et aI., 1994 (Rancourt et aI., , 1995 Diouri et al., 1995) . To investigate this discrepancy we tested the effect of a variety of iiiiiiiiiiiiiiiiiiiii ii iii iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii Fig. 3 . Effects of DCI-and PVlc on wild-type protease activity. Four different enzyme reactions were prepared at 37 °C and activity was measured by means of assay 2: O, the protease was preincubated with 5 mM-DTT for 1 h, then substrate was added and the reaction run for 1 h and finally 40 p_M-pVIc was added (~.) and the reaction continued; II, the control reaction was done under the same conditions, but in the absence of D3-1-and pVIc; O, the protease was preincubated for 1 h with pVIc (40 I.tM), prior to the addition of substrate; rT, the protease was preincubated for 1 h with pVIc before adding substrate, as above, and then DTI-(5 raM) was added. The data are means of several experiments, the variation being less than 5%.
oxidation-reduction agents on enzyme activity• The results confirm pVIc as the most efficient stimulator of enzyme activity among the agents tested (Table 1 ). In comparison, the second most effective agent was cysteamine (60 % of maximal activity)• Cysteamine is known to act on many enzymes and has also been suggested to have a second messenger role (Ziegler et aI., 1979) . This may explain why the protease is The activity of the protease was measured by means of assay 2, in the absence of pVlc. The protease was preincubated with different concentrations of diamide for I h at 37 °C and then the volume was adjusted to 300 pl with reaction buffer (I O mM-Tris-HC), pH 8, and I mM-EDTA) and incubated with substrate RI 10 for I h (wild-type protease; II) and 24 h (tsl protease; 0). The different incubation times were necessary to achieve comparable turnover. The data are means of several experiments, the variation being less than 5%. often active in the absence of pVIc. The stimulation of enzyme activity by cysteamine could be directly on the enzyme or indirectly via the other components of the tsl substrate assay such as pre-VI and pre-VII. To distinguish between these two alternatives we tested the effect of this agent on enzyme activity by means of the fluorescent peptide substrate assay (no. 2). No significant stimulation was observed (not shown) suggesting that the stimulatory effect in assay I may indeed be exerted via the protein substrates. Consistent with previous observations DTT inhibited the protease (Fig. 3) . This inhibition was only partially reversed by the subsequent addition of pVlc I h later, an effect attributable to reduction of a portion of the dimerized pVIc. Addition of DTT 1 h after addition of pVIc had no significant effect on enzyme activity, as expected. In other substrate systems DTT even exerted a stimulating effect if added subsequent to activation (Tremblay eta]., 1983; Webster et al., 1993) . This may, however, be a substrate mediated effect as DTT (0, 5, I5 mM) had no effect on the activity (on substrate 2) of protease isolated from mature viruses (results not shown). In contrast to DTT, the effect of which is context dependent, flesh mercaptoethanol added to the enzyme reaction inhibited protease activity in our experiments (15% versus 25% for untreated enzyme; Table 1 ). The explanation for this may be that the internal disulphide bridge formed by oxidized pVIc with the enzyme becomes inaccessible to DTT while the smaller mercaptoethanol is capable of reducing it. DTT, on the other hand, may reduce the dimeric pVIc, thus preventing pVIc from activating the protease. A similar phenomenon has been described in the case of hydroxymethylglutaryl-CoA reductase; this was inhibited by diallyl disulphide and the internal thiol bridge became inaccessible to DTT (Omkumar et al., 1993) .
Effect of diamide on the wild-type and tsl mutant forms of adenovirus protease
To investigate the effect of redox modulation of sulphydryl groups on protease activity we used diamide, which can catalyse the oxidation of flee sulphydryl groups. Purified recombinant wild-type and tsl protease was treated with different concentrations (0"5--60 mM) of diamide and the effect on activity measured. Treatment of wild-type protease with low concentrations (0-2 mM) of diamide had almost no effect on enzyme activity. By contrast, low concentrations of diamide (2-5 mM) can stimulate the activity of the tsl enzyme (Fig. 4) . Higher concentrations of diamide (> 10 mM) inhibited the activity of both wild-type and mutant proteases. The activation of the tsl mutant protease by this thiol oxidizing agent suggests that the active form of the enzyme contains some disulphide bonds and it is possible that in the case of the tsl mutant, because of the substitution of proline-13 7 by leucine in the proline rich region of the enzyme (Keyvani-Amineh et al., 1995 b ) the geometry of the cysteine residues is somehow disturbed so the disulphide interchange can no longer produce the active conformation of the enzyme but the addition of oxidizing agent can overcome this defect. The activation of guanylate cyclase by thiol oxidizing agents like diamide is supposed to be due to partial oxidation via thiol-disulphide exchange by low concentrations of diamide. Higher concentrations of diamide result in massive oxidation products and inactive enzyme (Wu et al., 1992) . Because tsl (but not wildtype) protease was stimulated by diamide, we compared the effect of diamide with pVIc in the same experiment. The stimulatory effect of diamide on tsl protease was again observed, but interestingly, pVIc was much more effective on the wild-type enzyme than on the mutant enzyme (Fig. 5) . We have shown before that the tsl enzyme is active in vitro, albeit marginally less so than the wild-type enzyme (Rancourt eta]., 1995 ; Keyvani-Amineh eta[., 1995 b; . This small difference in activity is clearly shown in this experiment. As this experiment shows, the mutation also engenders subtle differences, as compared to the wild-type, in reactivity to these agents.
Effect of protein disulphide isomerase
Protein disulphide isomerase (PDI) is a 55 kDa protein that is involved in thiol-disulphide exchange reactions including disulphide bond formation and rearrangement reactions. To investigate if PDI could reactivate oxidized protease, aliquots of scrambled protease were incubated with different concentrations of PDI (10 ng-1 ~tg per 40 ng protease) and also for various periods of time (0-24 h) . Surprisingly, instead of reactivation, the little remaining activity of the scrambled protease was eliminated after incubation with PDI (Fig. 6a,  lanes 4 to 7) . To confirm this inactivation effect of PDI a fully active preparation of protease was incubated with PDI. Protease activity was completely abolished (Fig. 6 b, lane 5) . This inhibitory effect of PDI was preventable by prior incubation of the protease with 10 ~M-pVIc peptide (Fig. 6 b,  lane 4) . Addition of pVIc after PDI treatment had no effect on enzyme activity (Fig. 6 b, lane 6) . Because of the' schizophrenic chaperon/anti-chaperon' nature of PDI its inhibitory effect is not easily explainable but is in all likelihood the consequence of a severe disulphide rearrangement in the protease (Puig & Gilbert, 1994) .
Discussion
The regulation of enzyme activity through sulphydryl redox reactions and disulphide exchange is widespread in biology. In a random coil protein the reaction rate of the disulphide exchange may vary in a 10Cfold range depending on the local environment of the cysteine residue. Positively charged oligopeptides and amino acids are faster to react with the negative cysteine than negatively charged oligopeptides or amino acids (Weber & Schmid, 1976; Creighton, 1975) . The rate constants for the reaction of the negative disulphide with cysteine having two positive neighbours, one positive and one neutral neighbour, or two neutral neighbours are 132000, 3350 and 361 s 1 M-l, respectively (Snyder et a] ., 1981). The local environment of the cysteine may provide a means of achieving a 1 to 6-fold increase in the rate constant of disulphide exchange. The activation of an enzyme with disulphide peptides is not unprecedented. An example is the activation of rat pineal acetyl-CoA hydroxylase by somatostatin, a disulphide peptide, or to a lesser extent even by other disulphide peptides (Namboodiri et al., 1982; Omkumar et al., 1993) . As the local environment of a cysteine can greatly influence the rate of disulphide exchange, so the number of charged residues next to the half-disulphide and also the total number of charged residues on the reacting disulphide peptide seem to determine the extent of activation on the cysteinecontaining peptide. Taking into account all of the above, the pVIc peptide (GVQSLKRRRCF) with its four charges must be an extremely strong reactant in the disulphide exchange reaction.
Our results show that agents or redox conditions other than the virus specific pVIc peptide were capable of activating the protease. These experiments were carried out in vitro and consequently their relevance to virus infected cells may be questioned. Several reports, however, suggest that the enzyme has cleavage activity prior to activation by the pVIc peptide or the pre-VI protein from which it is derived: (1) et aI., 1995a) . Clearly, the enzyme may acquire a redox state sufficient for some activity, though maximal activity may require the agency of the pVIc peptide.
Previous studies in which mutants were used would appear to have ruled out C-127 and C-67, two incompletely conserved cysteines, as targets for pVIc binding (Grierson et aL, 1994; Rancourt et al., 1994) . As C-199 is not conserved in any other serotype, this leaves C-17, C-40 and C-104 as the most likely candidates for binding the pVIc peptide via a disulphide bridge.
The novel nature of the adenovirus protease, in terms of sequence and perhaps also structure and in terms of the activation mechanism via suIphydryl reactions and dual substrate specificity, makes this enzyme a fascinating object of continued study.
